Mediator is a general coactivator of RNA polymerase II (Pol II) transcription. Genomic location analyses of different Mediator subunits indicate a uniformly composed core complex upstream of active genes but unexpectedly also upstream of inactive genes and on the coding regions of some highly active genes. The repressive Cdk8 submodule is associated with core Mediator at all sites but with a lower degree of occupancy, indicating transient interaction, regardless of promoter activity. This suggests gene-specific regulation of Cdk8 activity, rather than regulated Cdk8 recruitment. Mediator presence is not necessarily linked to transcription. This goes beyond Cdk8-repressed genes, indicating that Mediator can mark some regulatory regions ahead of additional signals. Overlap with intergenic Pol II location in stationary phase points to a role as a binding platform for inactive Pol II during quiescence. These results shed light on Cdk8 repression, suggest additional roles for Mediator, and query models of recruitment-coupled regulation.
Introduction
In eukaryotes, gene-specific regulators and coregulatory protein complexes such as those that modify chromatin, work together with general transcription factors to support appropriate levels of transcription by Pol II (Roeder, 2005; Sims et al., 2004 ). An important multisubunit complex that is required as a cofactor for transcription regulation is the Mediator complex. The bestestablished role of Mediator is coactivation, which is thought to be achieved through activator-Mediator and Mediator-Pol II interactions leading to Pol II recruitment (Kornberg, 2005) .
Understanding the spatial and temporal recruitment of components of the transcription machinery to DNA is an important issue that may indicate at which stages transcription is regulated. Early investigations of Mediator (Kim et al., 1994; Koleske and Young, 1994) led to the hypothesis that Mediator and Pol II may be recruited to promoters in a single step as a holoenzyme. However, recent studies have shown that Mediator recruitment can take place shortly before Pol II recruitment, for example on the GAL genes (Bryant and Ptashne, 2003; Kuras et al., 2003) , or in several waves of binding to different regulatory sequences, also prior to Pol II recruitment on the HO endonuclease gene (Bhoite et al., 2001; Cosma et al., 2001) . Reinitiation through repeated rounds of Pol II binding to a stable Mediator scaffold has also been observed in vitro (Yudkovsky et al., 2000) . Mediator may also play a role after initiation of transcription (Wang et al., 2005) . Such different modes of recruitment and function may be promoter context dependent and reflect distinct modes of transcription activity (Lewis et al., 2005) . One way of investigating these different possibilities is by systematic assessment of genome binding by Mediator and Pol II.
There are also questions related to the subunit composition of Mediator. In S. cerevisiae, Mediator can be isolated as a stable core complex of 21 subunits that can be divided into three submodules : head and middle interact with Pol II, and the tail provides a platform for interactions with activators. Mediator can also be isolated with or without a cyclindependent kinase (CDK) module attached Samuelsen et al., 2003) . The importance of subunit composition is exemplified by the regulatory CDK module. In S. cerevisiae, loss of Cdk8 kinase results in derepression of a set of genes normally activated upon nutrient limitation (Holstege et al., 1998) . This suggests that an inhibitory form of Mediator, containing Cdk8, is only present at repressed genes. However, on at least one mammalian promoter, Mediator containing Cdk8 has been shown to be recruited upon activation (Wang et al., 2005) . Although the issue of alternative mammalian Mediator compositions has recently greatly been harmonized (Sato et al., 2004) , the question of whether different promoters recruit distinct forms of Mediator with different activities remains open.
Previously, Mediator subunit composition has been addressed by biochemical purification. Here, we have examined the subunit composition on DNA by analyzing the location of several different Mediator subunits, genome-wide, using chromatin immunoprecipitation (ChIP). Mediator location is compared to the location of Pol II and to mRNA levels. Although the nature of many Mediator binding sites agrees with its established role as a pivotal coactivator, unanticipated classes of binding sites, including inactive loci and gene coding regions, also suggest additional roles in regulating expression. The analyses and subsequent experiments lead to intriguing proposals for the mechanism of Cdk8 repression, indicate additional roles for Mediator function, and suggest revisions for recruitment-based activation models.
Results
To determine the genomic location of individual Mediator subunits, we performed ChIP with DNA microarrays that cover the entire yeast genome (Experimental *Correspondence: f.c.p.holstege@med.uu.nl Tag) shows an experiment from a strain without a tag. The horizontal axis represents normalized BRs and the vertical axis the number of sites. The second panel from the bottom (Pol II SP) shows the BRs of Pol II in stationary phase (Radonjic et al., 2005) on these Mediator midlog phase binding sites. (B) Mediator binding trend on GCRs and IGRs in relation to mRNA expression levels. All genomic elements are ranked according to average expression levels (Experimental Procedures and Supplemental Experimental Procedures). The binding trend is the average BR of a sliding window of 100 genes from low to high expression. For the IGR binding trend, only genes and IGRs are included whereby the IGR can be unambiguously associated with a single gene. This was achieved by excluding IGRs between converging or diverging genes. (C) Pol II binding trends on GCRs or IGRs in relation to mRNA expression, as described in (B).
Procedures). The locations for all four Mediator submodules were determined by analyzing Med3, Med14, and Med15 for the tail, Med7 for the middle, Med17 and Med19 for the head, and CycC for the regulatory CDK module. For each subunit, a tandem affinity purification (TAP) tag was employed. Each tagged strain was checked for the absence of growth defects or for known Mediator mutation phenotypes. For each subunit, four ChIP experiments were performed: two independent IPs from two independent cultures, on four microarrays, in dye swap. Additional controls included checking for IP efficiency and determining the average size of the sonicated DNA ( Figure S1 available in the Supplemental Data with this article online). As an internal control for comparability, two Pol II ChIPs were performed for each Mediator-tagged strain, as a dye-swap duplicate from the two cultures, using an antibody for the carboxy-terminal domain of the largest subunit.
Uniform Composition of Mediator on DNA
The four ChIP experiments of each subunit were merged to yield a single location analysis for each subunit. Although individual subunit ChIPs differ due to variation in IP and crosslinking efficiencies, various analyses of correlation as well as conventional ChIP on selected sites did not result in finding clear divergence in the location of individual submodules. Overall, the composition of Mediator at different genomic locations is quite uniform. This is exemplified in Figure 1A , which shows that the same Mediator binding sites are enriched within each individual subunit analysis. The uniformity in location of different Mediator subunits is especially surprising with regard to the repressive CDK module and is further investigated later. An experiment using a strain without a TAP tag shows a random distribution for these sites (bottom). The binding ratio (BR) distribution of Pol II for these Mediator locations is also quite different (Figure 1A, Pol II) , becoming almost bimodal on sites with the highest Mediator BRs (right).
Mediator Is Associated with Both Inactive and Active Intergenic Regions
Mediator is generally viewed as a coactivator recruited by gene-specific transcription factors to regulatory sequences (Kornberg, 2005) . A general correlation between Mediator location and transcription activity is therefore expected. In contrast, little correlation is observed between mRNA levels and the location of Mediator on intergenic regions (IGRs) upstream of the corresponding genes ( Figure 1B , Pearson correlation R = 0.19). For these analyses, a general Mediator BR was employed that is derived by merging all seven Mediator subunits analyses (28 ChIPs). The binding trend ( Figures 1B and 1C) is obtained by plotting a moving average of BRs on IGRs or gene coding regions (GCRs) for genes with increasing mRNA levels (Robert et al., 2004) .
The lack of clear correlation between Mediator binding and expression does not reflect an inherent inability to determine such correlations. For example, stronger correlation is found between Pol II binding to GCRs and their corresponding expression levels ( Figure 1C , R = 0.62) (Robert et al., 2004) . Pol II is also clearly underenriched at chromosome ends ( Figures 1D and 1F) , reflecting the well-established telomeric silencing effect. A clear telomeric silencing effect is not observed for Mediator, which shows a similar distribution on telomeric regions compared to the remainder of the genome ( Figures 1E  and 1G ). Mediator presence on DNA is therefore similarly indicative of transcriptionally active or inactive regions ( Figure 1B ), and this is in contrast to the idea that, in general, Mediator binding leads to activation.
Mediator Upstream of Active Genes
To verify the observation that Mediator binds upstream of both inactive or active regions, we performed higher resolution standard ChIP across selected Mediator binding sites that represent distinct categories of Pol II binding and mRNA expression. The conventional concept of Mediator binding upstream of highly expressed genes was first investigated (Figure 2 ). PMA1 and CCW12 have high mRNA levels ( Figure 2D ). Standard ChIP with the representative Med3 subunit corresponds well with the genome-wide binding profiles (compare Figure 2B versus Figure 2A and Figure 2C versus Figure S2) . A high degree of Mediator binding is observed upstream of both coding regions, with a binding peak centered over the recognition motifs of the activators Rap1 for PMA1 (Lieb et al., 2001 ) and Rlm1 for CCW12 (Lee et al., 2002) . As expected for highly transcribed genes, a strong Pol II binding signal is observed over the GCR. These two examples illustrate the expected role of Mediator as a coactivator binding upstream of transcribed genes.
Mediator Upstream of Inactive Genes
A second category of Mediator binding sites is those located upstream of inactive genes such as ROX1 (Figure 3A) or ZRT2 ( Figure 3B ). ROX1 encodes a DNA binding repressor of hypoxic genes and is downregulated during the anaerobic growth conditions analyzed here. In agreement with previous studies (ter Linde et al., 1999) , transcript levels are consistent with a largely repressed state ( Figure 2D ). Nevertheless, strong Mediator binding is observed upon standard ChIP ( Figure 3A ), in agreement with the genome-wide location analyses ( Figure S2 ) and similar to the active genes ( Figure 2 ). The ROX1 promoter contains Rox1 binding sites for repression of its own gene (Deckert et al., 1998) . Similarly to the active genes, Mediator binding is observed over these regulatory motifs, albeit with a more diffuse signal that is related either to the limits of ChIP resolution or the presence of other regulator binding sites in this region, such as those for Cin5 (Lee et al., 2002) . A second example of an inactive gene with strong upstream Mediator binding is ZRT2 ( Figure 3B and Figure S2) . ZRT2 encodes a low-affinity zinc transporter expressed only at high zinc concentrations (Zhao and Eide, 1996) not encountered here. As with ROX1, expression levels are low ( Figure 2D ), but Mediator BRs are as high as for active genes ( Figure 2 ). This agrees with the genome-wide location analysis for this region ( Figure S2 ) and with the general observation that Mediator can be associated with active or inactive genes ( Figure 1B ).
Mediator at Active and Inactive Promoters that Bind an Identical Activator
Whereas ZRT2 encodes a low-affinity transporter not expressed under our growth conditions, ZRT1 encodes a high-affinity zinc transporter that is expressed under these conditions ( Figure 2D ). Similarly to the inactive ZRT2, strong Mediator binding is also observed upstream of the active ZRT1 ( Figure 3C and Figure S2 ). This pair of genes is a particularly interesting example of the lack of a consistent link between Mediator presence and transcription activity because both genes are regulated by the same transcriptional activator, Zap1 (Bird et al., 2004) . Similarly to Mediator, the activator is also present at both upstream regions (Figures 3B and 3C) regardless of transcription activity.
A summary of expression levels, Pol II BRs, and Mediator BRs on the selected regions is presented in Figure 2D . This confirms the general finding presented in Figure 1B : Mediator binding can be similarly indicative of active or inactive genes. LEU1 is included here to illustrate that there are also inactive genes that do have low Mediator binding. It is further worth noting that within the genome-wide data we find no clear evidence for genes with high activity and without Mediator binding, confirming the conventional view of Mediator as an important coactivator.
Role of Mediator Binding Upstream of Inactive Genes
We next determined whether there is any other characteristic that is common to the inactive genes with upstream Mediator binding. Analyses based on gene ontology (GO) functional annotation shows enrichment for genes required to regulate and respond to environmental changes (Pol II transcription factors, components of signal transduction cascades, and hexose transporters, data not shown). Entry into a quiescent state known as stationary phase (SP) is a major response that yeast cells undergo during nutrient limitation (Gray et al., 2004) . We have recently shown that upon SP entry Pol II relocalizes to IGRs, often upstream of genes required for rapid exit from SP (Radonjic et al., 2005) . The functional categories of genes with Mediator bound at the corresponding IGRs largely overlap with genes that show upstream Pol II binding in SP. Sites with significant levels of Mediator were analyzed for Pol II binding in SP. Strikingly, the genomic location of Pol II in SP is similar to a Mediator subunit in midlog phase (ML) ( Figure 1A , Pol II SP). Moreover, the similarity between Pol II in SP and Mediator in ML is higher than between Mediator and Pol II in ML ( Figure 1A , Pol II, R = 0.39 for IGRs, Pol II SP R = 0.55 IGRs). The overlap between Mediator location in ML and Pol II location in SP is depicted for upstream IGRs in Figure 4A , along with an analysis of GO categories ( Figure 4B ) and several examples ( Figures 4C-4H) . At least two classes may be discriminated within the genes that have Mediator binding upstream in ML and Pol II in SP: genes that remain inactive in ML as indicated by low Pol II binding over the GCR (Figures 4C-4F ) and genes that become active in ML as is indicated by elevated Pol II over the GCR (Figures 4G and 4H) . Interestingly, in ML, both classes of genes have lost the relatively high Pol II binding signals observed upstream in SP. These findings suggest that during ML and SP, Mediator location on some IGRs is relatively stable, serving to mark genes required in response to environmental changes and also serving as a binding platform for inactive Pol II during prolonged periods without proliferation.
Mediator Binding to Gene Coding Regions
Mediator is considered to be a coactivator that binds to regulatory regions. Although the majority of Mediator binding sites are IGRs, a significant number of sites are within the coding regions of genes (Table 1 ). The relatively low resolution of the microarrays used may contribute to this, because a positive signal on a GCR may be due to spillover of signal from an adjacent IGR with strong Mediator binding. If filtering is applied to remove all GCRs with a high IGR BR adjacent to the GCR, as well as removal of uncharacterized or dubious open reading frames (ORFs), a significant amount of Mediator sites are still found within GCRs (27%).
To further investigate the nature of Mediator binding to GCRs, Pol II binding was directly compared to Mediator binding. This reveals that Mediator binding is more strongly correlated with Pol II binding on GCRs (Figure 5A , R = 0.65) than on IGRs ( Figure 5B , R = 0.39), suggesting colocation of the two complexes on some coding regions. This is supported by the bimodal distribution of Mediator sites when analyzed for Pol II binding ( Figure 1A ). The first group of Mediator sites have a randomly distributed Pol II BR of around 1, indicating little enrichment for Pol II. Only 5% of these sites represent high confidence GCRs (that is excluding uncharacterized or dubious ORFs). In contrast, the second Pol II peak, consisting of Mediator sites with strong enrichment for Pol II, contains 49% high confidence GCRs. This indicates that on some GCRs, Mediator is colocated with Pol II.
To verify Mediator binding to GCRs and to rule out spillover of signals from adjacent IGRs, two examples of sufficient length were selected for higher resolution ChIP. Both FBA1 and ILV5 are strongly bound by Pol II and significantly enriched for Med3 and Med19 within the GCR (Figures 5C and 5D ). Med19 was additionally reanalyzed here because it belongs to a different Mediator submodule than Med3. Mediator is present all over both regions from 500 bp upstream of the translation start site to the end of the two genes. Significant GCR binding is also observed for Med3 on the CCW12 gene ( Figure 2C ). Sequential ChIP experiments (reChIP) whereby initial ChIP material is reChIPed for a different protein (Geisberg and Struhl, 2004) shows that colocation of Mediator and Pol II is simultaneous on the ILV5 GCR, regardless of whether ChIP for Med2 or Pol II is performed first ( Figure S4 ). The simultaneous colocation of Mediator and Pol II on GCRs indicates that this may represent the form of Mediator previously purified in association with Pol II. The main functional categories represented by Mediator bound GCRs are ribosomal protein genes, glucose metabolism, and cell wall components ( Figure 5E ). Mediator binding to GCRs is predominantly detected on highly expressed genes. Of the 67 GCRs with the highest Mediator BRs, 55 are among the 400 genes with highest mRNA levels, suggesting that sensitivity may contribute to finding Mediator binding on a restricted set of GCRs.
The Regulatory CDK Module Is Present at the Same Sites as Core Mediator Figure 1A shows that a similar set of Mediator binding sites are enriched regardless of the subunit analyzed, indicating uniform composition of Mediator at different sites. This is particularly surprising with regard to the CDK submodule component CycC, which is involved in repression of specific subsets of genes (150-200; [Holstege et al., 1998; van de Peppel et al., 2005] ). There is hardly any correlation between mRNA expression and Mediator binding ( Figure 1B ). In agreement with the uniform subunit composition, lack of correlation with mRNA levels holds for individual core subunits too (R are all close to 0, ranging from 0.06 to 0.17). This is also true for the CycC subunit (R = 0.01) for which a negative correlation might be expected based on the idea that CDK containing Mediator is specifically recruited to repressed genes. Our analyses, in particular the enrichment of core Mediator sites within the CycC genome-wide ChIP ( Figure 1A ), indicate that CycC is present at the same sites as core Mediator, regardless of transcription activity.
To verify these microarray-based ChIP results, the various examples of Mediator binding sites (Figures 2,  3 , and 5) were also reanalyzed for CDK submodule binding. The presence of CycC and Cdk8 upstream of inactive genes, active genes, and on GCRs is confirmed by standard ChIP too ( Figure S3 ). This substantiates the general observation of colocation between core Mediator and the CDK submodule ( Figure 1A ), indicating that this negative regulatory module is present at core Mediator sites regardless of activity.
Transient Association of the CDK Module with Core Mediator on DNA As with any comparison between ChIPs of different proteins, finding CDK and core Mediator components binding to the same sites does not necessarily mean that this occurs simultaneously within individual cells. Sequential ChIP or reChIP experiments can address population effects (Geisberg and Struhl, 2004) . If the first antibody is directed against Cdk8 and this ChIP material is subjected to another round of IP for the Med15 tail Figure 2A and from four individual experiments of Pol II location in SP (Radonjic et al., 2005) . component, then a large increase in this reChIP signal compared to the signal with Cdk8 alone indicates that all of the CDK module is associated with Med15 on the binding site being analyzed. For these experiments (Figures 6A-6E) , we used the representative Mediator locations defined previously and included the ROX1 GCR as a negative control that shows no Mediator binding. ChIP for Cdk8 followed by reChIP for Med15 shows that virtually all of the Cdk8 that is present on DNA is simultaneously accompanied by Med15 ( Figure 6A) . Strikingly, the opposite is not true. ChIP with Med15 followed by reChIP against Cdk8 results in significantly lower signals compared to the ChIP with Med15 alone ( Figure 6B ). Whereas all Cdk8 on DNA is accompanied by Med15 (Figure 6A ), only a fraction of the Med15 bound to DNA seems associated with Cdk8 ( Figure 6B ). This indicates that although the CDK module is present at all Mediator binding sites ( Figure 1A ) the degree of occupancy is lower than for core components. This agrees with the generally lower signals observed for Cdk8 and CycC ChIPs (compare the Med3 signals of Figure 2 and 3 with Cdk8 and CycC in Figure S3 ) and is also supported by analysis of protein levels in the different stages of reChIP ( Figure 6C ). Whereas IP with Cdk8, followed by IP with Med15, results in a strong Cdk8 signal ( Figure 6C , lane 3, bottom), IP with Med15, followed by IP with Cdk8, results in hardly any detectable Cdk8 ( Figure 6C, lane 4, bottom) .
An alternative interpretation of the reverse reChIP experiment shown in Figure 6B is that weaker crosslinking efficiency of Cdk8 compared to Med15 results in the lower signals compared to the reChIP whereby Cdk8 is ChIPed first ( Figure 6A ). To investigate this, a reChIP was also performed with Med7. Med7 is a component of a different core submodule, the Middle (Guglielmi et al., 2004) . Single Med7 ChIPs also show weak signals ( Figure 6D ) similarly to Cdk8. Both Cdk8 and Med7 exhibit similarly high IP efficiencies in these experiments ( Figures 6C and 6E ), indicating that in both cases the weaker ChIP is a result of reduced crosslinking efficiency rather than low IP efficiency. If weaker crosslinking of Cdk8 underlies the reduced reChIP of Med15 followed by Cdk8 (Figure 6B ), then a similar result would be expected for reChIP of Med15 followed by Med7. In stark contrast, the reChIP with Med15 followed by Med7 yields a completely different result: strong reChIP signals (compare Figures 6D and 6B) . The interpretation that best fits all these results is that whereas different core submodules are present on different classes of Mediator binding sites to similar degrees, the CDK submodule is only partially present ( Figure 6B ), but at all Mediator locations ( Figure 6A and Figure S3 ). Two models are presented ( Figure 6G ) and discussed further below.
Cdk8 Represses Only a Subset of Inactive Genes with Prerecruited Mediator
Although Cdk8 is associated with Mediator on inactive genes, we estimate that only a minority of such genes are repressed by Cdk8. Of the inactive genes with significant Mediator binding upstream, only 20% are found upregulated in genome-wide analyses of CDK submodule deletion mutants performed under the same growth conditions (van de Peppel et al., 2005) . The two inactive genes ROX1 and ZRT2 reanalyzed by standard ChIP exemplify this. Whereas deletion of any CDK submodule component consistently results in derepression of ROX1, there is no significant effect on expression of the inactive ZRT2 ( Figure 6F ). This is in spite of the fact that Mediator (Figure 3) , including the CDK module (Figure S3 ), is present on both genes. As is discussed, this leads to the proposal that Cdk8 repression is itself regulated in a promoter-specific manner by local regulation of its activity rather than its presence.
Discussion
It is well established that Mediator is an important coactivator that is involved in activator-dependent Pol II transcription regulation (Kornberg, 2005) . Our analyses reveal unanticipated classes of binding sites on the genome. Mediator presence is not always tightly linked to immediate activation, and it is proposed here that Mediator can also be a platform for rapid activation of genes in response to environmental changes as well as a platform for sequestering Pol II during cellular quiescence. Mediator presence upstream of inactive genes goes beyond repression through Cdk8. Furthermore, the CDK submodule seems only transiently associated with the core complex but is present at all Mediator binding sites on DNA. This contradicts the concept that coregulators such as repressors are specifically recruited to affected genes. It is interesting to discuss these findings in light of previous analyses of Mediator composition and function, as well as in the context of recruitment models of activation (Ptashne, 2005) .
Cdk8 Repression
The involvement of Cdk8 in repression of subsets of genes (Hallberg et al., 2004; Holstege et al., 1998; van de Peppel et al., 2005) suggests differential recruitment of this submodule. Instead of finding Cdk8 located primarily at repressed genes, the results show colocation with all core Mediator binding sites, whether these are upstream of active genes, inactive genes, or on GCRs. The importance of performing reChIP experiments is clearly demonstrated. Whereas all Cdk8 on DNA is simultaneously associated with the core complex, only a fraction of core Mediator on DNA is accompanied by Cdk8. This largely reconciles previous Mediator purifications that show the presence of two forms: with and without the regulatory CDK module Samuelsen et al., 2003) . Two models are put forward in Figure 6G . The left model involves transient binding of the CDK module with core Mediator. We favor this over exchange of an entire complex (right diagram), because the CDK submodule can be isolated as a separate entity from protein extracts and may be substochiometric in cells compared to core subunits (Borggrefe et al., 2002) .
Another important insight is the absence of preferential binding of Cdk8 to repressed genes. This suggests that Cdk8 repression is regulated in a promoter-specific manner through its activity rather than through its (Figures 2, 3 , and 5). Note that the signals from the single ChIPs in these panels are slightly weaker than for other experiments for these regions ( Figure S3 and Figures 2, 3 , and 5), due to modification of the protocol for reChIP. Signals are calculated as ratios over input and POL1 control (Supplemental Experimental Procedures). (F) ROX1 and ZRT2 mRNA level changes as a ratio of deletion mutant versus wild-type in CDK submodule mutants as determined previously by microarray analysis (van de Peppel et al., 2005) . The average of four ratio measurements is plotted for each deletion mutant. Whereas the changes for ROX1 are all statistically significant (p < 0.05), ZRT2 mRNA levels show no statistically significant changes in the deletion mutants relative to wild-type. (G) Models for the lower CDK module occupancy observed at core Mediator binding sites.
presence. This proposal does not exclude additional global regulation, for example through RAS/PKAdependent phosphorylation of the Med13 subunit (Chang et al., 2004) or through loss of the entire submodule upon glucose depletion (Holstege et al., 1998) .
Recruitment
Cdk8 association with genes that it does not repress contradicts the concept that coregulators are targeted to affected genes by specific recruitment (Ptashne, 2005) . Finding Mediator upstream of inactive genes is also unanticipated because of its established coactivating role. This study shows that for many genes, Mediator recruitment is not always tightly linked to immediate activation.
Mediator association with inactive genes goes beyond Cdk8 repression. Whereas ROX1 is derepressed, ZRT2 shows no effect upon deletion of any CDK component ( Figure 6F ). Genes that are derepressed upon CDK8 deletion (van de Peppel et al., 2005) form only a subset of the inactive genes with significant Mediator binding upstream (20%). Genome-wide analysis of deleting 11 other nonessential Mediator genes under the same growth conditions (van de Peppel et al., 2005) indicates that Mediator is not directly involved in repression of genes such as ZRT2. However, involvement of essential Mediator genes in repression can as yet not be ruled out.
Two roles for Mediator binding upstream of inactive genes are suggested (Figure 4) . Prerecruited Mediator may be required for extremely rapid induction of genes in response to environmental changes. In SP, Mediator may additionally be a platform for sequestering Pol II, which is maintained but largely inactive in this quiescent state (Radonjic et al., 2005) . Both proposals are likely related and form plausible mechanisms to permit rapid responses upon encountering environmental changes.
For each case examined by standard ChIP, Mediator binding to inactive and active regulatory regions appears to be associated with regulator binding sites. Mediator and the gene-specific regulator Zap1 are both bound upstream of either an active (ZRT1) or an inactive (ZRT2) gene. The implication is that for some genes Mediator can mark regulatory regions regardless of current activity and may perhaps be prerecruited at many loci by activators. Analyses of transcription factor binding sites by genome-wide ChIP also shows many cases of transcription factor binding under conditions known not to lead to induction of the target genes (Lee et al., 2002) . Together, this suggests that transcription activation can be significantly less dynamic with regard to activator binding and Mediator recruitment and that both events are not necessarily as strongly coupled to immediate activation as has previously been assumed.
Based on its involvement in preinitiation complex (PIC) assembly (Kornberg, 2005) , it is anticipated that Mediator shows strongest binding to promoter regions immediately upstream of transcription start sites. Systematic mapping of transcription start sites and the borders between promoters and upstream activating sequences (UAS) has not yet been performed for S. cerevisiae. In combination with the resolution of our genome-wide experiments, this excludes comparison between Mediator promoter and Mediator UAS binding.
For the model genes with strong Mediator intergenic binding, higher resolution conventional ChIP shows peak signals further upstream than anticipated based on the idea that Mediator should bind strongest at promoters (Figures 2-4 ). This agrees with a previous ChIP analysis of Mediator location on GAL regulatory sequences (Kuras et al., 2003) and may indicate either weaker crosslinking of Mediator at promoters and within PICs or simply a lower degree of binding. Such issues are important to investigate further as they have implications for interpreting ChIP studies.
Multiple rounds of transcription from a stable, promoter bound Mediator complex in vitro has led to the proposal of Mediator as a reinitiation scaffold (Yudkovsky et al., 2000) . Finding Mediator upstream of inactive genes may represent a related function: a platform for rapid activation. The scaffold model is based on multiple rounds of reinitiation in an in vitro transcription system. Mediator binding upstream of inactive genes is unlikely to represent a reinitiation scaffold remnant. For example, the inactive genes analyzed by conventional ChIP had not recently been induced. ZRT2 becomes activated under high zinc concentrations (Zhao and Eide, 1996) , not employed in our studies. Similarly, ROX1 is repressed during anaerobic growth and becomes activated during the diauxic shift or later (ter Linde et al., 1999) .
This study does not imply that Mediator recruitment is not an important regulatory mechanism. First, Mediator binds upstream of specific inactive genes. As described above, it is likely that activators are involved in this. Second, not all inactive genes have prerecruited Mediator. An increase in Mediator binding has clearly been demonstrated for inducible genes such as GAL1 or HSP82 (Kuras et al., 2003; Pokholok et al., 2002) . We find Mediator enrichment for some, but not all, of such inducible promoters. In many cases, the BR is a lot lower than reported under inducing conditions. Increased Mediator recruitment leading directly to activation is an established mechanism of Mediator coactivator function (Kornberg, 2005) . Our results suggest that Mediator recruitment is not always tightly linked to immediate activation and that there are also genes with prerecruited Mediator that are inactive due to other mechanisms than Cdk8 repression. It is also possible that for some genes two modes of activation may take place, with immediate activation through prerecruited Mediator, followed by increased Mediator binding upon prolonged induction.
Different Forms of Mediator
The comparison of individual subunits indicates that the composition of core Mediator on DNA is uniform at different sites ( Figure 1A ). There are limitations to colocation analyses, even if reChIP experiments are performed. One limitation is the number of subunits analyzed. Other TAP-tagged subunit strains were generated but left out because of low signals likely caused by a combination of low IP and low crosslinking efficiencies. At least one subunit from each distinct Mediator submodule has been included here. In contrast to genome-wide mRNA expression profiling, correlations between different genome-wide ChIPs are additionally subject to variations in IP and crosslinking efficiencies, which are unlikely to be identical for different proteins. These challenges are exacerbated when analyzing proteins that do not directly bind DNA. Correlations of binding ratio strengths between individual subunits vary and are not uniformly high (data not shown). These issues are addressed in this study in several ways. Genome-wide comparisons with transcription or Pol II binding are made with a general Mediator binding profile consisting of all 28 microarray analyses merged for higher statistical power. Uniformity in location is investigated by comparison of enriched binding sites ( Figure 1A ). Most importantly, the results of the genome-wide analyses are validated independently by standard ChIP on a subset of Mediator sites. Because of the size of the genome and measurement noise, it is possible to select from the genome-wide data a few locations showing an apparent differential binding of subunits. Standard ChIP did not confirm any subunit-specific binding to such loci (data not shown). Although the existence of lower affinity sites with different Mediator compositions is not formally excluded, for the subunits analyzed here, such sites cannot be widespread.
A relatively abundant Pol II-associated Mediator has been isolated that was termed holoenzyme (Kim et al., 1994; Koleske and Young, 1994) . Interestingly, the sites with the strongest degree of colocation between Pol II and Mediator are GCRs. ReChIP experiments on the ILV5 GCR indicate that colocation is simultaneous (Figure S4) . This suggests that holoenzyme may be the form of Mediator shown here to bind to the GCRs of some highly active genes. A postinitiation role for Mediator has recently been proposed for promoter bound Mediator (Wang et al., 2005) . Binding to GCRs in association with Pol II may also form evidence for genes looping around initiating and terminating transcription complexes (O'Sullivan et al., 2004) . Preliminary analyses as to whether general transcription factors also form part of the Mediator complex bound to GCRs are as yet inconclusive. The TATA binding protein shows a similar binding profile as Med3 across the ILV5 gene but a distinct distribution across FBA1. Here, many of the GCRs that exhibit Mediator binding are highly expressed, such as the small ribosomal protein genes. Mediator is also found associated with the significantly longer genes of S. pombe (Zhu et al., 2006) . It is unlikely that cryptic promoters cause Mediator binding to GCRs. Cryptic promoters would have to be restricted to highly expressed genes and would also have to be quite strong promoters in terms of the amount of Mediator bound. Furthermore, the distribution of Mediator over GCRs is generally spread out, whereas distinct peaks are observed for IGRs. The presence of Mediator on GCRs requires additional investigation. The insights provided here into Mediator function, Cdk8 repression, and recruitment models open several interesting avenues for further studying this pivotal coactivator.
Experimental Procedures
Yeast Strains All strains for ChIP were derived from YPH499 (MATa ura3-52 his3-D200 ade2-101uaa trp1-D63 lys2-801uag leu2-D1), and a carboxyterminal TAP-tag epitope was introduced by transformation of a PCR product carrying a K.l. TRP1 cassette with the TAP epitope as described (Puig et al., 2001) . PCR oligonucleotides are available upon request. The BY4741 strain used for measurement of mRNA levels is related to YPH499 (Winston et al., 1995) .
Crosslinking and Chromatin Extraction
Chromatin extracts (CE) were prepared as described (Andrau et al., 2002 ) with a few adjustments (Supplemental Experimental Procedures). The final volume of extract was 1.6 ml in lysis buffer (corresponding to 240 OD 600 units culture).
ChIP
For TAP-tagged strains, 400 ml CE and 10 ml BSA (25 mg/ml) was added to 40 ml of washed IgG Sepharose beads (Amersham). For ChIP of Pol II or TBP, 200 ml CE and 10 ml BSA was added to 20 ml of washed protein G beads (Roche), prebound with 750 ml 8WG16 serum, or 10 ml purified a-TBP antibodies (5 mg/ml).
IPs were carried out for 1.45 hr at RT on a rotator. Beads were washed twice with 0.5 ml FA buffer, twice with 0.5 ml wash buffer 1 (FA buffer, 500 mM NaCl), twice with 0.5 ml wash buffer 2 (10 mM Tris [pH 8], 0.25 M LiCl, 0.5% NP-40, 0.5% Sodium deoxycholate, and 1 mM EDTA) for 3-5 min on a rotator at RT, and finally rinsed once in 0.5 ml TE 10/1 (10 mM Tris [pH 8], 1 mM EDTA), removing all supernatant.
To reverse the bead-antibody interaction, beads were eluted twice in TE-SDS 1% for 10 min at 65ºC in a final volume of 75 ml. Part of the eluate (10%) was analyzed by Western blot to determine IP efficiencies ( Figure S1 ).
Reversal of the crosslinks was performed in a final volume of 80 ml of TE-SDS 1%. In parallel, 5 ml of CE (input DNA) was processed similarly as the ChIP-DNA. Samples were incubated overnight at 65ºC and digested by adding 5 ml proteinase K (40 mg/ml) and 45 ml TE 10/1 for 2 hr at 37ºC. DNA was phenol extracted, purified with Qiaquick PCR purification kit (Qiagen), and eluted in 30 ml EB buffer.
ReChIP ( Figure 6 and Figure S4 ) was performed as described (Geisberg and Struhl, 2004) with slight modifications and by using real-time PCR for quantification (Supplemental Experimental Procedures).
DNA Amplification by LM-PCR, Labeling, and Hybridization DNA amplification, labeling, and hybridization were performed with 5 ng of input or 10 ml of IP (Radonjic et al., 2005) . Microarrays were prepared as described (Harismendy et al., 2003) and contained w13.000 PCR products that span the entire yeast genome, with each GCR and IGR represented by at least one PCR product.
Data Analysis
Slides were scanned on an Agilent scanner (G2565AA) at 100% laser power, 30%-60% PMT. Data extraction was with Imagene 4.0 (BioDiscovery), and normalization was by Loess per print tip. We excluded 793 empty or buffer spots, 400 unreliable features, 79 features with multiple occurrences, and 68 mitochondrial elements. Statistical analysis of microarray (SAM) was performed, using the add in (v.1.21) in Microsoft Excel 2003. Resulting q values (lowest possible false discovery rate) were used to determine significant Mediator enrichment (Table S1) .
For Table 1 , 12,484 features were reannotated according to SGD. These were divided into verified ORFs (4094), uncharacterized ORFs (1223), dubious ORFs (216), IGRs (5899), several other categories (350), and 702 features we did not include in classification due to overlap. Uncharacterized and verified ORFs were merged in one group (genic in Table S1 ), intergenic together with dubious ORFs in another group (intergenic), and all other feature types into one group (other). Only significant genes (FDR < 5% in the SAM analysis) were combined with BR thresholds as stated.
The correlations stated in the text (R) are Pearson correlation coefficients. The expression data was obtained from nine wild-type versus wild-type hybridizations (van de Peppel et al., 2005) . The complete procedure is described in the Supplemental Experimental Procedures. Binding and expression data are provided in Table S1 .
Quantitative RA-PCR Purified IPed DNA (a-TAP, a-CTD, and a-TBP) from a Med3-TAP, Med19-TAP, Zap1-TAP strain was analyzed by conventional ChIP using quantitative radioactive PCR on our seven selected model genomic regions. Reactions were carried out at least twice for each region, and average ratios are represented in Figure 2 , 3, and 5. The complete procedure is described in the Supplemental Experimental Procedures.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, four figures, and one table and can be found with this article online at http://www.molecule.org/cgi/content/full/22/2/179/DC1/.
